Administration of drinking water treated with chlorine-based disinfectants was shown in prior studies to interfere with thyroid function of laboratory animals. One possible mechanism is that intraalimentary redox interactions between chlorine oxides and organic and inorganic contents of the gastrointestinal tract cause formation of iodinated and chlorinated nutrients. Several halogenated organic molecules generated by this route were shown to vary in their in vivo dehalogenation and clearance. In seeking clues to the etiology of the thyroid effect, the influence of several iodinated and chlorinated amino and fatty acid isomers on 5'-deiodination of thyroxine (T,) to triiodothyronine (T,) was studied using rat liver homogenates in this study. Several of the compounds tested inhibited conversion of T, to T,, with effective concentration comparable to the known inhibitor of the type I 5'4hyroxine deiodinase (5'-TDI). Unexpectedly, iodinated isomers of histidine, and chlorotyrosine appeared to activate rather than decrease T, formation. Effective molar concentrations indicated that even if all of the chlorine dose ingested via drinking water would be converted into such halogenated analogs, their levels in body fluids would be too small to cause clinically detectable thyroid changes.
INTRODUCTION
NVIRONMENTAL CHEMICALS HAVE BEEN REPORTED RARELY to affect endocrine homeostasis. Particularly, the E impact of anthropogenic pollutants in drinking water has all but eluded attention. A case in point is disinfection of potable water with chlorine oxides, i.e., hypochlorite (OC1-) or chlorine dioxide (CIO,), a compulsory prophylactic measure against water-borne infectious outbreaks."' These purposeful additives to tap water may reach active residual levels of up to 1 mg/L. They represent the single most dominant class of inorganic xenobiotics ingested by people in western civilizations in doses of pmoles/day . Due to governmental regulatory interest in the public health issues relating to water disinfection potentially affecting over 100 million U.S. consumers, several target organ end points have been studied. One notable effect in various animal models was that ingestion of free residual chlorine oxides affected thyroid U.S. Environmental Protection Agency, Health Effects Research Laboratory, Cincinnati, Ohio. This document has been reviewed in accordance with U.S. Environmental Protection Agency policy and approved for publication. Approval does not signify that the contents necessarily reflect the view or policies of the Agency, nor does mention of trade names or commercial products constitute endorsement or recommendation for use.
BERCZ AND GARNER
Subsequently, diverse in v i v~'~' and in vitro'5' data suggested that thyroid function is most plausibly modulated by the disinfectants by altering the chemical forms of iodide present in diet and in gastric secretions. (6) We documented the formation of iodinated nutrients'" and, in a companion article immediately preceding this report, the in vivo dehalogenative metabolism@' of a set of iodinated nutrient classes. Based on background data that many iodinated organics, e.g., synthetic thyroxine analogs,"' radiocontrast agents,'"' and amiodarone,"'.'*' inhibit T, deiodination, the effect of selected isomers of iodinated and chlorinated amino and fatty acids on 5'-thyroxine deiodinase (5'-TDI) in rat liver homogenate was studied in the present experiments.
Known inhibitors of 5'-TD1, e.g., free fatty acids (FFA), in body fluids have been associated with nonthyroidal hypothyroidism, a clinical entity seen often in acute illness. Such nonthyroidal metabolic disturbance was shown to appear as normal T, and low circulating T,, elevated reverse T, level^."^' Since unsaturated FFAs (e.g., linoleate, oleate) have been demonstrated to be potent blockers of 5'-TDI,(I4) we chose oleate as positive inhibitor control to compare relative inhibitory efficiencies.
MATERIALS AND METHODS
Liver homogenates were prepared according to established method^,'^^.'^' modified in that the washed and minced liver tissue taken from 6 male and 4 female Sprague-Dawley rats was quick frozen in liquid N, and stored at -80°C until homogenates were prepared 24 hours later. Homogenates were aliquoted and stored under the same conditions. No advantage was found in refining microsomal fractions over crude homogenates. Longer storage of the preparations at -80°C did not, or only very slightly, affected 5'-TDI activity. Before freezing, protein determination was done using the Lowry method (Folin-Ciocalteau), Sigma's reagent method for biologic fluids (No. 690), and concentration was adjusted to 82.8 mg/mL. T, determinations were by CibdCorning RIA kits. As enzyme substrate, 10 mM thyroxine (Sigma) was dissolved in 50% n-propanol and aliquoted as a concentrate. After air displacement with helium, the tubes were frozen in liquid nitrogen and stored at -80°C. Final working dilution (0. I mM) was made in 0.1 M phosphate buffer.
Halogenated isomers and precursor organics were either purchased or synthesized according to references in Table 1 . Isomeric identity and purity of the synthetics were established by GC and NMR. One hundred milliliter aliquots of 10 mM solutions of the study compounds were prepared in 0.1 M pH 7.4 PO, buffer. When needed, dissolution was facilitated by the addition of 1-4 mL 99% ethanol. Final alcohol concentration up to 4% by volume was reported to be without effect on 5'-TDI a~tivity."~) In our case, alcohol concentrations were below 1%.
Deiodinase assay
Using freshly thawed aliquots of the homogenate, uninhibited 5'-TDI curves were plotted at 0, 15, and 30 minutes and 1, 2, and 3 hours incubation intervals at 37°C. All subsequent assays were by 3 hour incubation.
All 5'-TDI activities were corrected for 0 time values, representing the sum of residual T, in the homogenate plus cross-reactivity of the T, antibody toward the T, hapten. The to incubation tube was prepared at 25°C by adding 99% ethyl alcohol (1: 1 by volume) to the reaction mixture followed by the homogenate. Reagent blanks containing all components except the homogenate until the reaction was stopped by the addition of alcohol at the end of the incubation period were assayed repeatedly and were found negligible (about 1.1 % of T, associated counts/3 hour incubation). The No Inhibition tubes contained 600 p,l 0.1 M phosphate buffer, pH 7.4, 100 p.L 0.2 M freshly prepared dithiothreitol (DTT), 100 FL 0.1 mM fresh T,, and 200 (LL liver homogenate. The Inhibition tubes were prepared identically, substituting 100, 200, 400, and 600 p L of the test sample solutions in place of the buffer diluents, constituting a total volume of 1 .O mL in each tube. After 3 hours, the reaction was stopped by the addition of 2.0 mL 99% ethyl alcohol, and the tubes were capped, vortexed, and stored in ice water for 10 minutes, then centrifuged for 12 minutes at 6000g at 4°C. In aliquots of the supernatant, T, was assayed according to the manufacturer's kit insert.
The between-run imprecision of the 3 hour incubated, noninhibited assays was 10.7 (k 1.23) ng/mL, whereas the imprecision of the 0 time incubation assays was 5.14 (k0.55) ng/mL in 19 separate runs. The 5'-TDI activity of the homogenate was 0.33 (k0.033) ng T,/mg of protein. All calculations were based on the noninhibited result minus the 0 time incubation value as 100% 5' TDI activity. All determinations were made in duplicate. 
RESULTS AND DISCUSSION
Inhibition curves for tyrosine and its two iodinated analogs superimposed over oleate are shown in Figure 1 . Activation of 5'-TDI by iodinated histidines is demonstrated in Figure 2 . Inhibition curves ofp-aminobenzoic acid (PABA) and two iodinated isomers are shown in Figure 3 . Degrees of T, formation inhibited by chlorinated compounds and inhibition by the nonchlorinated analogs is depicted in Figure 4 .
Although in vivo formation of the halogenated compounds examined in this study has not been demonstrated directly by isolation or by instrumental analysis, earlier tracer work provided proof that reactive halogens, on ingestion, become organified (covalently bound) by the reducing milieu of the alimentary Thus, the justification for the choice of chemicals as in this study is based on the abundance of their organic precursors in nutrients as well as on the organic chemistry and the predilection for halogenating chemical moieties within such molecules. Examples are reactivities of the aromatic rings in tyrosine, histidine, alanine, phenylalanine within the chain of polypeptides, PABA in folate, oleate, linoleate in fats, and countless other structural constituents in food, presenting rich sources of olefinic double bonds and electrophilic aromatic and heterocyclic ring systems as substrates for halogenation.
Additionally, the uniform presence of the bioessential anion, inorganic Iin the gastric juices of all vertebrates and the pronounced reactivity of elemental iodine and chlorine with amino and fatty acids dictate that our choices are appropriate, albeit most likely underrepresenting the molecular diversity that could be established by ingesting active halogens. With these limitations in mind, the following notable new observations emerged from the experiments. Inhibition data of the two benzene ring-iodinated amino acid isomers showed that on a molar basis, 3-iodotyrosine ( Fig. 1) and both iodinated forms of PABA (Fig. 3) inhibited 5'-TDI to a comparable or a greater extent than oleate.
A surprising finding was that 1-tyrosine itself showed a greater inhibitory potential than its diiodo analog. These observations contradict earlier work indicating that iodotyrosines have no effect on 5'-TDI.''5'
In the case of histidine where the iodines are located on the imidazole ring system, the isomers failed to inhibit 5'-TDI activity. The 5-iodo isomer appeared to activate 5'-TDI in a dose-dependent fashion (Fig. 2 ) . This finding was clearly reproducible under replicated assay conditions. This observation, in view of the fact that iodotyrosines are easily deiodinated and iodohistidines are not dehalogenated efficiently in vivo (see preceding companion article), suggests that inhibitors of 5'-TDI are likely effective competitors for the allosteric sites of and deiodinated by the same enzyme. It should be noted that in the literature there is a reference to a separate iodotyrosine deiodinase enzyme."6' However, its relationship to 5'-TDI is not clearly differentiated.
In contrast to iodohistidines, iodinated PABA isomers exerted significant 5'-TDI inhibition (Fig. 3) in spite of the fact that these compounds are even less deiodinated than the corresponding iodohistidines.
The effect of chlorinated amino acids (Fig. 4) on 5'-TDI again showed some unusual features, particularly in the case of p-chlorophenylalanine, which at lower concentrations activated and at higher concentration strongly inhibited 5'-TDI-again, a paradoxical effect without explanation.
Similar phenomena, albeit less prominent, were discernible in the inhibition curves of the three chlorinated stearates (Fig. 4) .
The environmental health relevance of these findings is confounded by two uncertainties.
1.

.
Pharmacodynamic interspecies differences in susceptibility for thyroid modulation Probability and extent of formation of such halogenated nutrients
The first problem is illustrated by the observation that ClO,-induced decrease of serum T4 and near-doubling of the in vivo '3'-1 uptake in monkeys could not be elicited in albino rats. In the rat, only aging-related decline of T4 could be accelerated by exposure to disinfectant^.'^' For estimating the second problem, some quantitative relationships can be generated. The daily human doses of free disinfectants, based on average water consumption of 1-1.5 L, range between 0.3 and 1.5 mg (8-45 Kmoles). This dose may putatively introduce halogenated substances into body fluids in concentrations of 1/103 to 1/104, which seem to be required to inhibit 5'-TD1 in vitro. Thus, the public health implications of these findings are minimized on the basis of dose alone. 
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